Abstract. The microstructure of aluminum nanopowder combustion crystalline products in air and the influence of a constant magnetic field (with induction of 0.3 T) on their structures have been studied. It was revealed that in the combustion products of free-poured aluminum nanopowder twolevel whiskers are present. Hexagonal single crystals are formed by combustion in air in a homogeneous magnetic field, and in case of inhomogeneous magnetic field (with induction of 0.3 T) faceted elongated crystals of micron size are generated. The crystallites of such structure are formed due to the mass transfer of the combustion products in the direction of thermal flows. Ordered six-sided crystal structures are formed by overcooling the oxidation products by the action of magnetic field and by increasing the mobility of their structural units in recrystallization thermal wave. According to electron-microscope investigation the formation of the faceted crystals is possible with optimal sizes of combustion product particles.
Introduction
Due to a combination of good heat-eliminating and dielectric characteristics [1] , aluminum nitride and materials based on it are potential materials in modern microelectronics for production of dielectric heat-eliminating substrates. However its synthesis is connected with a number of technological difficulties: under atmospheric pressure aluminum nitride does not form a liquid phase, therefore, for its synthesis the reactors for nitriding with big pressure are used [2, 3] . It is often necessary to add catalytic additives to aluminum for implementation of processes of aluminum nitride synthesis [4, 5] . According to existing conceptions [6] , during NP Al combustion, the formation of an independent crystal phase of aluminum nitride assumes interaction of aluminum only with nitrogen, in a certain volume in the presence of oxygen within a short period of time. Stabilization of nitride can be connected with kinetic braking of oxygen diffusion through a nitride layer: thermodynamically resolved process of aluminum nitride oxidation by air oxygen [7] . Earlier thermodynamic calculations showed [8] , that aluminum nitride can appear as an intermediate product during powdery aluminum combustion, but it has to be oxidized by air oxygen and not to be preserved in the final products. Course of reaction of nitride formation in air with high content of aluminum nitride in the final products becomes possible only due to aluminum nanopowder (NP Al). Thus, aluminum nitride synthesis by means of aluminum nanopowder combustion in air becomes an alternative way of AlN obtaining. At the same time, this method is connected with a number of difficulties, for example, with search for the ways of control of the obtained product morphology. In classical methods of synthesis it is reached by additives input, heating temperature control, and nitrogen pressure variation in the reactor or nitrogen dilution with inert gases [9, 10] . In the method of AlN synthesis by means of NP Al combustion in air this way of microstructure control is in fact impossible, what was the main difficulty in realization of industrial technology for a long time. Recent researches showed basic possibility of control of synthesizable AlN morphology by means of influence of constant magnetic field on the burning aluminum nanopowder [11] .
The process of aluminum nitride formation during combustion in air is nonequilibrium and proceeds in conditions of thermal explosion, therefore it was of particular interest to study phase formation of combustion products under influence of external impact: under influence of homogeneous and inhomogeneous magnetic fields.
The purpose of research was to determine experimentally the formation regularities for crystal phases of aluminum nitride of various morphologies in conditions of aluminum nanopowder thermal explosion in air without external influence and in constant magnetic field.
Formation of AlN filamentary crystals
Aluminum nanopowder is a set of spherical particles, the distribution of which is close to normal logarithmic with maximum of 120 nm. Aluminum nanopowder passivated by small additives of air [12] comprises 88 wt % of metal aluminum, the content of oxides and hydroxides reaches the most 6 wt %, the total content of ad-and absorbed gases is about 6 wt %. Thus, the content of metal admixtures (iron, manganese, copper) does not exceed 0.3 wt %. The bulk density of the studied aluminum nanopowder sample equals to 0.2 g/cm 3 . Aluminum nanopowder combustion is easily initiated by means of electric current of the heated nickel-chromium spiral, and its burning proceeds in two stages. At the second stage in the course of combustion the crystal phase of aluminum nitride (more than 30 wt %) is formed [13] . Unpassivated aluminum nanopowder, obtained by means of electric explosion of conductors in argon, is pyrophorous and by heating interreacts almost with all known substances [14] .
The combustion process of freely filled aluminum nanopowder in the form of a cone-shaped sample proceeded in two stages in thermal explosion mode. In these conditions aluminum nitride formed in the shape of filamentary crystals (whiskers). The combustion process at the second hightemperature stage was followed by oscillatory processes that was reflected on the decrease and increase of weight gaining speed, and was characterized by the corresponding temperature fluctuations (± 200° C).
With increase of sample weight the combustion temperature of aluminum nanopowder increased. Nevertheless, during combustion of rather large number of aluminum nanopowder samples (even with sample weight up to 15 g) in air, the faceted combustion products were not revealed. The main part of the product is made of the thin filamentary crystals consisting of nanocrystallites less than 100 nm thick and up to 30 μm long ( fig. 1 ., sample weight 5 g, conic shape of the burned sample). Thus, the increased temperature during combustion is not the factor that provides formation of aluminum nitride monocrystals. According to the microphoto ( fig. 1 ), filamentary crystals (whiskers) are focused in the direction of thermal streams and mass transfer during combustion.
Products formation during aluminum nanopowder combustion in homogenous magnetic field
To study the temperature influence on combustion products formation, aluminum nanopowder was placed in 20 cm 3 alundum crucibles. It helped to direct the elimination of heat from the surface of the burning sample in the vertical direction mainly -along the ascending convective stream of Key Engineering Materials Vol. 685air, heated by the surface of the burning sample. At the same time combustion in the crucible contributed to preservation of heat in the crucible. During aluminum nanopowder combustion in these conditions ( fig. 2 a) , the final products appeared to be unfaceted crystallites with characteristic sizes from 1 to 5-8 μm. a b Fig. 2 . Electron-microscopic image of aluminum nanopowder combustion products in the alundum crucible without impact of magnetic field (a), under influence of homogenious magnetic field (b)
At the same time crystallites are divided by the division surface and only a small amount of them had signs of the starting process of crystal structure formation.
Thus, changing only conditions of heat exchange with environment during aluminum nanopowder combustion, it is possible to obtain whiskers or spherulites. It is fundamentally different from methods of synthesis in reactors with high pressure -for example, for production of whiskers in research [15] AlCl 3 additive was used.
During aluminum nanopowder combustion in constant homogenious magnetic field (with induction of 0.3 T) in the open alundum crucible in the conditions of thermal explosion in the atmosphere of air the aluminum nitride monocrystals of hexagonal habit ( fig. 2 b) were synthesized [11] . According to the obtained experimental data, six-sided monocrystals were well crystallized and had the characteristic size of 2-4 μm. At the same time, in the electron-microscopic image there are no faceted crystals, which size is less than 1 μm. For big agglomerates the formation of the faceted crystals ( fig. 2 b) is also not observed.
Thus, combustion temperature increase (in a crucible) without external influence did not result in formation of the faceted structures. At the same time simultaneous influence of high temperature and constant homogenous magnetic field contributed to crystallization of aluminum nitride and formation of hexagonal habit monocrystals.
Aluminum nanopowder combustion products in inhomogeneous magnetic field
To check the influence of external factors (magnetic field, temperature, etc.) on the crystallization process of combustion products, aluminum nanopowder samples were burned on a ceramic substrate between two magnets. In this case in order to create inhomogeneous magnetic field, the system of two Fe-Nd-B permanent magnets (induction of 0.3 T), separated by 50 mm air gap was used during the research. To provide mechanical stability of the system, the attracted magnets were separated by two inserts made of dielectric material. The first sample in freely filled state in the form of a cone-shaped hinge was placed between magnets and the combustion process was initiated. At the same time the final products appeared to be the multilevel focused whiskers directed in various ways proceeding from several centers ( fig. 3 a) . The process of filamentary crystals formation is likely to be influenced mainly by streams connected with transfer of weight and heat.
During aluminum nanopowder combustion in the alundum crucible, placed in inhomogeneous magnetic field, the formation of the extended faceted crystals of aluminum nitride took place ( fig. 3  b) . Monocrystals had curved shape and consisted of several linear parts. The diameter of these crystals was 4 μm, and the length of the linear part of a crystal accounted 16 μm.
The thinner crystals (the diameter of which is less than 1 μm) have no facet. In fig. 3 b the facet degree dependence of microcrystals is represented: the needle-shaped crystal in the process of its thickening gets facet and with thickness of about 4 μm obtains the final six-sided shape.
Summary
Aluminum nanopowder is an energy-saturated structure with a large amount of stored energy. It allows synthesizing aluminum nitride during aluminum nanopowder combustion in air under atmospheric pressure without use of any additional equipment. The combustion products of freely filled aluminum nanopowder in air (without impact of magnetic field) are filamentary crystals ( fig.  1 ). In the result of aluminum nanopowder combustion in an alundum crucible (without impact of magnetic field) unfaceted crystallites ( fig. 2 a) were produced. Under influence of magnetic field on the burning aluminum nanopowder sample, the crystals of various habits were formed depending on the heat dissipation conditions (a crucible or a conic sample on a substrate) and configuration of magnetic field (homogeneous or inhomogeneous). During combustion in a crucible in homogeneous magnetic field crystals with mainly hexagonal facet ( fig. 2 b) were formed, and during combustion of freely filled NP Al in form of a conic hinge in inhomogeneous magnetic field, the multilevel focused whiskers directed in various ways proceeding from several centers ( fig. 3 a) were formed. During combustion in a crucible in inhomogeneous magnetic field, formation of extended aluminum nitride crystals with characteristic linear part of 16 μm ( fig. 3 b) took place.
Magnetic field contributes most likely to preservation of orientation of crystals of combustion products and their stabilization in unfaceted state that leads to overcooling. In homogeneous magnetic field the crystallization process, proceeding in a thermal wave and caused by energy discharge, is followed by transition of the disordered structures into AlN monocrystals. In inhomogeneous magnetic field the crystallization process after overcooling also leads to a thermal wave, which spreads on linearly extended structures of products. At achieving the passing wave length of 16 μm and thickness of 4 μm the energy stored by crystallization is sufficient for faceting in a different direction that is connected with high mobility of structural units. According to electron-microscopic image ( fig. 3 b) , with smaller thickness of a structural fragment discharged by crystallization the heat is not enough to make it crystal faceted, and the linear growth of a crystal is transformed into a linear (without bends) whisker.
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